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Preface  
 
Cosmetics are complex products having diverse properties related to color, smell, 
skin feel, and effectiveness in addition to safety and packaging. Their formulations 
contain various ingredients such as oils, water, powders, alcohol, humectants, surfactants, 
colorants, fragrances, preservatives, and active ingredients [1]. The active ingredients 
often play crucial roles, which characterize the final products and their brands. More 
than 5000 active ingredients, mainly of plant origins, have been developed in the world. 
This number continues to increase as the demand for natural cosmetics increases [2,3]. 
The development of active ingredients for cosmetics is rather complex owing to the 
regulatory requirements for cosmetics. In Japan, for example, cosmetics are regulated by 
the Pharmaceutical Affairs Act and are defined as, “Articles with mild action on the 
human body, which are intended to be applied to the human body through rubbing, 
sprinkling or other methods, aiming to clean, beautify and increase the attractiveness, 
alter the appearance or to keep the skin or hair in good condition” [4]. This definition is 
intended to clarify the differences between drugs and cosmetics. The use of medical 
drugs or drug-like substances is prohibited in cosmetics. Similar regulations are found in 
the United States (US) [5] and the European Union (EU) [6], although the details vary 
from country to country. The same circumstances basically apply to quasi-drugs, which 
fall between drugs and cosmetics [7]. In short, extreme safety is required for the 
cosmetic ingredients, which are designed to be applied regularly to the healthy skins. 
Other crucial factors that should be considered for cosmetic ingredients are color, smell, 
stability, cost, quantity, effectiveness, and sustainability.  
Product claims with respect to the effectiveness of cosmetics are also highly 
regulated. No claims that go beyond the currently approved 56 claims are permitted for 
cosmetics in Japan [8]. Within these limitations, cosmetic companies are attempting to 
  
- 2 - 
 
make their products more attractive by conducting a wide range of studies on their 
ingredients and formulations. These include studies in material sciences, dermatology, 
plant biology, biotechnology, ecology, and other basic sciences. Recently, information, 
of varying quality, regarding active ingredients has become easily available to 
consumers on the Internet. This has increased the need to provide correct information 
based on scientific data.  
This thesis is composed of three studies conducted on the development of two 
original plant extracts: Bupleurum falcatum root extract and Gentiana urnula flower 
extract. 
The roots of B. falcatum L., known as Radix Bupleuri or Chai-Hu, have been widely 
used in Chinese medicine, and contain several different forms of saikosaponins (Fig. 
P-1) [9-12]. In addition to their various medicinal effects [13-15], saikosaponin-b1 and 
saikosaponin-b2, which are easily obtained from saikosaponin-a and saikosaponin-d by a 
mild acid treatment [16], have been reported to exhibit a distinctive effect of suppressing 
the growth inhibition of human dermal fibroblasts that is caused by cell-collagen fibril 
interactions (cell-matrix contact inhibition) in a contracted collagen gel [17]. Moreover, 
for fibroblasts in growth phases, saikosaponin-b1 and saikosaponin-b2 show a strong 
growth-promotion effect, an effect that has never been observed with saikosaponin-a or 
saikosaponin-d. These findings led the author to begin developing a Bupleurum falcatum 
root extract containing saikosaponin-b1 and b2, which would be used as anti-aging 
cosmetic ingredients. 
The yield of saikosaponins from natural roots is inconsistent because of the low and 
varying content in field-grown roots [18]. Successful productions of various secondary 
metabolites have been reported using cultured cells and roots [19-21]. Although 
saikosaponin production using root cultures of B. falcatum has been reported by several 
researchers, further increases in the yield and scale were required for industrial-scale use 
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[22,23]. Therefore, the author attempted to develop an efficient saikosaponin production 
method by using root culture of B. falcatum L. The effects of various sugar 
concentrations in the medium were examined in flask cultures, and an efficient method 
with a two-step sugar administration was developed (Chapter 1) [24]. Based on this 
two-step culture method, the scale-up of the culture was investigated by modifying 
common airlift reactors (Chapter 2) [25]. The crucial criteria for large-scale root culture 
will be discussed. 
Chapter 3 deals with the second plant material, Gentiana urnula Harry Sm., which is 
a small perennial plant distributed in high mountain regions (altitude: 3900-5700 m) in 
western China and the Himalayas. The whole plant has been used traditionally as 
“Gang-ga Chung” in Tibetan medicine for treating the common cold, fever, and 
poisoning [26,27]. A large-scale screening of plants in these regions has shown that the 
beautiful flowers of G. urnula have potent antioxidative activity. This finding led the 
author to proceed with the development of Gentiana urnula flower extract. An 
investigation of antioxidative components in G. urnula was conducted to obtain 
additional information for the extract and led to the corrected structure of a known 
compound, depressoside [28], a compound that exhibits much higher SOD-like activity 
than the other two isolated compounds, gentiournoside A and gentiournoside D [29]. The 
difference between the reported and currently elucidated structure will be discussed [30]. 
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        Fig. P-1  Chemical structures of saikosaponin-a, -b1, -d, and -b2. 
        Arrows indicate mild acid treatment.   
 
 
         
     Fig. P-2  Gentiana urnula Harry Sm. 
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Chapter 1 
 
Enhanced production of saikosaponins by root culture of 
Bupleurum falcatum L. using two-step control of sugar 
concentration 
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1-1. Introduction 
 
Bupleurum falcatum L. is a perennial herb that has been widely used in a variety of 
traditional Chinese medical formulae since ancient times for treating fever in the 
common cold, alternating chills and fever, distension and pain of the chest and costae, 
malaria, prolapse of the uterus and rectum, and irregular menstruation [9]. The root, 
known as Radix Bupleuri or Chai-Hu, contains several different forms of saikosaponins, 
which have a common steroid-like structure and are considered to be the 
pharmacologically active components of the plant [10,14]. In particular, saikosaponin-a 
and saikosaponin-d have been reported to have various physiological effects, including 
antiallergic, analgesic, antiinflammatory, immunoregulatory, and hepatoprotective 
activities [11–13,31,32]. The effects of derivative compounds such as saikosaponin-b1, 
saikosaponin-b2, and their metabolized products (prosaikogenins and saikogenins) have 
also been studied [15,17,33].  
The production of secondary metabolites in field-grown plants is greatly affected by 
climate, soil conditions, and various other factors. In addition, considerable variations in 
growth, morphological characteristics, and saikosaponin content occur in B. falcatum L. 
due to genetic variations among individual plants [18]. Therefore, as for the other 
economically important plants, in vitro production of saikosaponins using cultured cells 
or roots of B. falcatum L. has been studied [19,20,34]. Although it has been reported that 
saikosaponins could not be found in the callus of B. falcatum L., they have been found in 
adventitious roots differentiated from the callus, suggesting that differentiation of these 
cells into root tissues is important for the biosynthesis of saikosaponins [22,35]. 
Saikosaponin production using the root culture of B. falcatum L. has been increased 
through the optimization of nitrogen sources and their concentrations [23], however, 
further improvements in the yield and scale were required for industrial use.  
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Of many kinds of nutrients, sugars (in particular, sucrose) are predominant in 
common plant tissue culture media, and play a critical role, as osmoticums as well as 
carbon sources [36,37]. Furthermore, sucrose has been reported to affect cell 
differentiation and to regulate gene expressions in a variety of cultures [38,39,40]. 
Despite the importance of sugars, however, most studies have exclusively focused on the 
initial concentration, and little is known about their effects at different developmental 
stages. This study, therefore, investigated the effects of sugar concentration on the lateral 
root formation of the cultured roots of B. falcatum L., and presented an efficient method 
for saikosaponin production by controlling sugar concentration in two steps. 
 
 
1-2. Materials and methods 
 
Plant materials 
Seeds of Bupleurum falcatum L. (kindly provided by Dr. Motoyoshi Satake of Tsukuba 
Medicinal Plant Research Station, Japan) were sterilized with 70% alcohol for 30 s, and 
subsequently with 10% sodium hypochlorite solution for 30 min.  They were washed with 
sterilized water, and germinated on Linsmaier-Skoog (1965) (LS) solid medium [41]. The 
roots of the seedlings were then collected, and cultured on LS solid medium containing 0.1 
mg/L of indolebutyric acid (IBA) at 23 ± 2C under a 12:12 light-dark cycle (h).  
Adventitious roots formed in culture were alternately subcultured in Gamborg (1968) B5 
liquid medium [42] supplemented with 5 mg/L of IBA for 21 days and without IBA for 42 
days at 23 ± 2C on a gyratory shaker (105 rpm).  The roots cultured for 42 days without 
IBA were used in experiments.  IBA was sterilized by filtration with Millex GS filters 
(Nihon Millipore, Tokyo, Japan) upon the use. 
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Basic Culture conditions for saikosaponin production 
Samples (0.20 g) of roots were transferred into 100-mL Erlenmeyer flasks 
containing 30 mL of B5 medium supplemented with 8 mg/L IBA and 1–8% sucrose.  
The roots were then cultured at 23C on a gyratory shaker (105 rpm) for up to 56 days in 
the dark.  To control the sugar concentration, 50% sucrose solution sterilized by 
autoclaving was added to the media during culture. In experiments using 500-mL 
Erlenmeyer flasks, 2.0-g samples of roots were inoculated into the flasks containing 200 
mL of B5 medium supplemented with 8 mg/L IBA and 1–6% sucrose. 
 
Determination of saikosaponins 
After having been extracted from the dried roots with 90% MeOH containing 0.5% 
KOH at 37C for 24 h, saikosaponin-a and saikosaponin-d were analyzed by HPLC 
(LC100 system, Yokogawa Electric, Tokyo) using a CAPCELL PAK C18 column 
(Shiseido, 250 × 4.6 mm) with CH3CN/H2O (40/60) as an eluent at a flow rate of 1 
mL/min. Saikosaponin-a and saikosaponin-d were determined on the basis of their 
absorption at UV 210 nm by comparison with standard samples purchased from Nakarai 
Tesque (Kyoto, Japan). Unless otherwise stated, saikosaponin contents were expressed 
as the sum of saikosaponin-a and saikosaponin-d contents. 
 
Natural root samples of B. falcatum L. 
Samples of Bupleuri Radix were purchased from Uchida Wakanyaku (Tokyo). They 
were powdered, and subjected to saikosaponin analysis to determine the saikosaponin 
content of the roots. 
 
Analysis of residual sugars in the medium 
Samples (0.5 mL) of the medium were aseptically taken from flasks to determine 
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residual sugars. After the removal of cell debris by centrifugation, samples were 
analyzed for sucrose, glucose, and fructose by HPLC on a COSMOSIL 5NH2 column 
(Nakarai Tesque, 250 × 4.6 mm) with CH3CN/H2O (75/25) as an eluent at a flow rate of 
1 mL/min.  An RI detector, ERC 7520 (ERMA, Tokyo), was used. 
 
1-3. Results and discussion 
 
Effect of initial sugar concentration on root growth 
In the early stages of culture, lateral roots were formed in the inoculated roots in the 
presence of exogenously supplied IBA.  This process of lateral root formation is a 
crucial step for vigorous growth, because it multiplies the growth points of the roots. Fig. 
1-1 shows the typical observations of the effect of initial sucrose concentration on the 
process.  The roots cultured for 14 days in B5 medium containing 1% sucrose and 8 
mg/L IBA densely developed lateral roots (~ 5 mm in length). With 4% sucrose, lateral 
root formation was severely inhibited, although thickening of inoculated roots and 
formation of root primordia were observed at this time point. Even with 2% initial 
sucrose, which is a widely used sugar condition for plant tissue cultures, lateral roots at 
this time point were short and not uniform, in contrast to those with 1% initial sucrose. 
The emergence of the lateral roots was thus severely delayed as the initial sugar 
concentration was increased. These phenomena seem to be correlated with the time 
course of change in the fresh weight of the roots (Fig 1-2, A). The inhibitory effect of 
sucrose on the lateral root formation was observed regardless of the sterilization method 
used (either autoclaving or filtering). 
Despite the delay in lateral root emergence caused by sucrose at the early stage of 
the culture, higher dry weights were obtained with 4% sucrose at 35 and 42 days (Fig. 
1-2, B).  At this stage, the numbers of lateral roots treated with 1, 2, and 4% sucrose 
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were 18.4 ± 2.3, 19.5 ± 1.6, 19.2 ± 1.1 per centimeter of primary roots, respectively (the 
mean ± SD, n = 5). There is no significant difference among these numbers.  
 
Effects of initial sucrose concentration on saikosaponin production 
The production of saikosaponins was also influenced by initial sugar concentration.  
Fig 1-2, C shows the time course of change in the content of saikosaponin-a accumulated 
in the roots.  After the start of culture, the saikosaponin content decreased transiently, 
and then began to increase. Higher contents of saikosaponin-a were obtained at lower 
concentrations of sucrose at 21 days (Fig. 1-2, C). This phenomenon is due to the 
accelerated formation of the lateral roots. 
During the later stages of culture, however, the content of saikosaponin-a drastically 
increased in the roots cultured at 2% and 4% sucrose. Due to the depletion of carbon 
sources, a low concentration of sucrose (1%) resulted in poor yield with respect to 
saikosaponin-a, as well as a low root mass. Similar results were also obtained for 
saikosaponin-d in separate experiments (data not shown). The saikosaponin contents in 
the lateral roots were at least 10 times higher than those in the primary roots (the total 
content of saikosaponin-a and -d; 1.5% in the lateral roots, 0.08% in the primary roots 
with 2% initial sucrose at 42 days). This result emphasizes the importance of lateral 
formation in saikosaponin production. Maximal production of saikosaponin-a and -d for 
56 days was attained at 3–4% initial sucrose (Fig. 1-3).  
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Fig. 1-1 Effects of sucrose on the lateral root formation in root culture of Bupleurum 
falcatum L. Inoculated roots at 0 day are shown in A. The roots were cultured for 14 
days in B5 medium containing 1% (B), 2% (C), or 4% (D) sucrose supplemented with 8 
mg/L IBA. Bar 10 mm 
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Fig. 1-2 Time courses of changes in root growth and saikosaponin-a content. A Root 
fresh weight, B Root dry weight and residual sugars in medium, C Saikosaponin-a 
content. Symbols: ○, 1% sucrose; ᇞ, 2% sucrose; □, 4% sucrose. Residual sugar 
concentrations in the medium are expressed as closed symbols (●, 1% sucrose; ▲, 2% 
sucrose; ■, 4% sucrose) in B. Each open symbol in A and B represents the mean  SD 
calculated from three replicates. Each open symbol in C or closed symbol in B 
represents the value obtained from a mixed sample of the three replicates. 
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Fig. 1-3 Effects of initial sucrose concentration on growth and saikosaponin 
production.  Root dry weight (A), saikosaponin content (B), and saikosaponin 
production (C) were determined after 56 days of culture. Saikosaponin production (C) 
was expressed as the sum of saikosaponin-a and -d production. Data obtained from two 
independent experiments were connected by different lines (solid or dotted lines).  Each 
symbol represents the mean  SD calculated from three replicates (A) or the value 
obtained from the mixed root samples of three replicates (B, C).   
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Enhanced production of saikosaponins by controlling sugar concentration 
To evaluate the effect of sugar concentration during the culture, several procedures 
for providing 4% sucrose in total were tested using 4 % initial sucrose as a control (Fig. 
1-4). Lowering the sugar concentration by feeding 1% sucrose 4 times significantly 
enhanced the contents of both saikosaponin-a and -d, without affecting the root mass 
after 6 weeks of culture. The highest contents of saikosaponins were obtained by 
incubating the culture at an initial sucrose concentration of 1% and subsequently adding 
3% sucrose at 14 days, when the tips of the lateral roots had already emerged from the 
inoculated roots. 
Further enhancement of saikosaponin production was investigated by increasing the 
amount of sucrose added after 14 days (Fig. 1-5). The roots were incubated at an initial 
sucrose concentration of 1% for 14 days, and subjected to further culturing for 28 days 
after addition of 3–6% sucrose. Little difference was observed in the fresh weight of the 
harvested roots, which reflected their similar morphology. The dry weight of the roots, 
however, increased substantially with increasing amount of sucrose added at 14 days, 
while the contents of saikosaponin-a and -d were maintained at high levels. The 
treatment with 1% sucrose for the first 14 days and then with 6% sucrose for 28 days 
yielded 25 to 30 g per liter of medium of dried roots, which contained more than 2.5% 
saikosaponin-a and -d. The production of saikosaponin-a and -d could be increased up to 
4-fold by the simple two-step control of sugar concentration, compared with the yield 
obtained with 4% sucrose, which gives the maximum yield of saikosaponins under single 
administration.  The use of higher sucrose concentrations (up to 9%) at 14 days resulted 
in similar productivity to that obtained at 6% (initial sucrose concentration: 1%). 
High-level production of saikosaponins was also obtained by using either glucose or 
fructose, instead of sucrose (data not shown). Typical results of the two-step 
administration and a single administration of sucrose are shown in Fig. 1-6.  Lateral 
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roots grew well after 6% sucrose was added at 14 days. 
 
 
 
 
Fig. 1-4 Effects of sucrose feeding methods on growth and saikosaponin content. 
Root growth (A) and saikosaponin content (B) were measured after 42 days of culture 
(500-mL flasks). Data represent the mean  SD calculated from three replicates. 
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Fig. 1-5  Enhancement of growth and saikosaponin production by two-step control of 
sugar concentrations. Root growth (A), saikosaponin content (B), and saikosaponin 
production (C) were determined after 42 days of culture (500-mL flasks). Data represent 
the mean  SD calculated from three replicates.  
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Fig. 1-6 Roots harvested after the two-step culture. Roots were cultured for 42 days in 
B5 basal medium supplemented with 8 mg/L IBA under two-step administration (A, 1% 
+ 6%) or single administration (B, 6%) of sucrose. Bars 10 mm 
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Satake reported wide variations in saikosaponin contents both in the field-grown 
plant roots (dried) from different habitats (the total content of saikosaponin-a and -d, 
0.6–2.6%; average, 1.2%) and in their selected lines (0.6–2.3%; average, 1.2%) [43]. 
Similar results (0.6–1.6%; average, 1.1%) were obtained in our analysis of Radix 
Bupleuri from Japan, Korea, and China using the same procedure of analysis as that used 
with the cultured roots.  Thus, the saikosaponin contents obtained by the present culture 
procedure (more than 2.5%) are much higher than the average saikosaponin contents 
observed in field-grown plants. 
This is the first report that demonstrates the enhancement of saikosaponin 
production by controlling sugar concentrations during culture. The yields of the roots 
obtained here correspond to 30- to 35-fold growth of inoculated roots in dry weight. This 
value is extremely high, compared with 7- to 8-fold growth reported by Yamamoto and 
Kamura using the modified MS medium containing optimal amounts of nitrogen sources 
[23]. With respect to the contents of saikosaponin-a and saikosaponin-d, our yields 
(more than 2.5%) were higher than those (about 1.4%) obtained in their study. In this 
study, B5 basal medium, which has a similar nitrogen composition to their optimal 
conditions (rich in nitrate ion), was used mainly. Similar enhancement of saikosaponin 
production was also observed by two-step sugar control using MS basal medium (rich in 
ammonium ion, data not shown). 
In recent decades, much attention has been paid to production systems using roots 
transformed by Agrobacterium rhizogenes, due to the vigorous growth and the ability to 
produce secondary metabolites. The growth patterns of transformed roots are 
characterized by frequent lateral root formation in the absence of exogenously supplied 
auxins in culture media. The typical biomass yields in batch cultures are comparable to 
those of suspension cultured cells, ranging from 5 to 20 g/L in dry weight [44,45]. 
However, it was difficult to induce transformed roots of B. falcatum L. with A. 
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rhizogenes strain A4, R1000 and 15834, which are widely used to obtain transformed 
roots. 
In the untransformed roots used in this study, lateral roots were synchronously 
induced with auxin treatment, thus the growth of the culture was easily divided into two 
distinct stages, namely, formation of lateral roots and their subsequent development. A 
striking difference in optimum sugar conditions was found between these two stages. By 
satisfying these different conditions, the two-step culture procedure using untransformed 
roots attained the higher biomass yields than those reported with transformed roots of 
other plant species. This two-step approach can be used to improve the growth of other 
untransformed root cultures. The exact function of sucrose in this enhancement of 
saikosaponin production (e.g., osmotic effect and nutrient uptake) remains to be 
investigated, and this will be reported elsewhere.  
 
1-4. Summary 
The effect of the sugar concentration on the production of saikosaponins was 
investigated using root culture of Bupleurum falcatum L. The formation of the lateral 
roots, which were induced in the presence of indolebutyric acid, was suppressed as the 
sugar concentration was increased. After the lateral root tips had emerged from the 
inoculated roots, however, high concentrations of sugar showed no inhibitory effect on 
the development of the lateral roots. A two-step culture, with 1% sucrose at the 
beginning of the culture and addition of 6% sucrose at 14 days, when lateral roots have 
emerged, greatly improved the productivity, affording 0.8 g/L of saikosaponin-a and -d.
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Chapter 2 
 
Large-scale production of saikosaponins  
through root culturing of Bupleurum falcatum L.  
using modified airlift reactors  
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2-1. Introduction 
This chapter describes a scale-up study of the root culture of B. falcatum, based on 
the efficient two-step culture method shown in Chapter 1. Various modifications in the 
internal structures were applied to the reactor, in order to deal with the problems 
characteristic to large-scale root cultures.  
In contrast to suspension cultures, in root cultures, the roots are easily entangled to 
form large clumps and are vulnerable to shear stress caused by agitation or aeration [46]. 
These morphological properties of the roots often create an uneven environment in 
reactors and present challenges to scaling up cultures. To overcome these problems, 
various reactor designs, including modified stirred tank [47], turbine-blade [48, 49], 
rotating drum [50, 51], submerged convective flow [52], and nutrient mist [53, 54] 
reactors, have been proposed for root and organ cultures. Most of these studies have used 
small-scale bioreactors (<20 L). One exception is Panax ginseng, which has been 
reported to have been cultured in a 500-L balloon-type bubble bioreactor (BTBB) [21]. 
The BTBB, a type of aeration reactor with a spherical shape, has also been used for mass 
propagation of Siberian ginseng (Eleutherococcus senticosus) somatic embryos [55], 
which have an aggregation behavior similar to that of roots. However, more detailed 
information is still needed for scaling up root cultures of other plant species.  
The objective of this study was to develop a simple large-scale root culturing system 
for saikosaponin production based on a 2-step culture method reported previously, which 
had high biomass and saikosaponin yields (25–30 g/L of dried roots containing 2.5% 
saikosaponin-a and saikosaponin-d) at a flask scale [24]. Cylindrical reactors (stirred 
tank and bubble column reactors) with aspect ratios between 1.0 and 2.2 were used as a 
base system for simple modifications of the internal structure. The technological aspects 
of the development of the 200-L culture system are described in detail below. 
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2-2. Materials and methods 
 
Plant materials 
The same root culture line of Bupleurum falcatum L. as described in Chapter 1 was 
used.  
 
Large-scale preparation of root inoculums 
The subcultured roots with the medium were transferred to a 5-L sterile beaker for 
disentangling the root clumps. The roots were dispersed into the medium with a 
rod-shaped impeller consisting of 4 rods (210 × 3 mm) arranged in parallel with a 
rotating shaft at a distance of 25 mm (2 rods) and 56 mm (2 rods) from the axis. The 
impeller was driven by a 40-W reversible motor (Oriental Motor, Tokyo, Japan) with 
periodic inversions of 0.5 s for 1 min. A set of reduction gears (1:12.5) was installed 
between the motor and the rotating shaft. The motor was regulated by a control unit 
(SS21M-SSSD; Oriental Motor) at maximum acceleration and brake settings. At this 
setting, the impeller rotated approximately 180° per 0.5-s interval. This processing 
device has been previously described in detail (Kusakari, K., Inomata, S., Yokoyama, M., 
Ichikawa, T., and Kuroiwa, I., Japanese patent application, Publication number 
11-009263, 1999).  
 
Culture conditions for saikosaponin production 
The two-step culture method developed in Chapter 1 was used [24]. After the 
disentanglement process, the roots (0.5% fresh weight of medium volume) were 
transferred into a reactor containing B5 medium supplemented with 4 mg/L IBA and 1% 
sucrose in a clean room (class 100). The roots were cultured at 23°C with aeration for up 
to 56 days. Sucrose solution sterilized by autoclaving (121°C for 20 min) was added to 
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the medium at a final concentration of 6% at 14 days, when the lateral roots emerged 
from the inoculated roots.  
 
Reactors 
The configurations of the reactors used are summarized in Fig. 1A–F and included a 
modified stirred tank reactor (10-L ST) (Fig. 2-1A), bubble column reactors (20-L and 
200-L BC) (Fig. 2-1B, E), a modified airlift reactor (20-L AL) (Fig. 2-1C), and modified 
airlift reactors equipped with a mesh draft tube (20-L AM and 200-L AM) (Fig. 2-1D, F). 
The components of each reactor are listed in Table 2-1. To prevent the roots from 
extending out of the medium, a perforated plate was installed on the top of culture 
medium in all reactors. An additional perforated plate was installed at the bottom of the 
bubble column and airlift reactors to reserve the bottom clearance (clearance height: 15 
mm for 20-L reactors and 30 mm for 200-L reactors) for the circulation of culture 
medium. The central areas of the perforated plates in the modified airlift reactors (Fig. 
2-1C, D, F, and G) were excised out in a circle. The impeller in the 10-L ST was covered 
with a partition mesh (40 mesh) to prevent the roots from being damaged by stirring. 
Porous stainless steel tubes (10 mm diameter × 20 mm length, nominal pore size, 20 μm) 
or ceramic tubes (20 mm diameter × 100 or 150 mm length) (Aquarium air stones; 
Kainuma Sangyo, Nagoya, Japan) were used as spargers. The ratio of draft tube diameter 
to the reactor diameter (Di/Do) was approximately 0.14. The aeration rate was monitored 
either with a rotameter (RK 1600R; Kofloc, Tokyo, Japan) or a mass flow meter 
(SEF-52; STEC, Kyoto, Japan). In experiments using the 200-L AM, pH, dissolved 
oxygen (DO), and exhaust CO2 were monitored with a sealed pH sensor (pH Fermprobe; 
Broadley-James Corp., Irvine, CA, USA), a galvanic cell-type oxygen sensor (SP-5, 
closed-type; ABLE, Tokyo, Japan), and a nondispersive infrared CO2 detector 
(CD-602A; FLOW SYSTEM, Kyoto, Japan), respectively.  
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Determination of saikosaponins 
Saikosaponins were determined by the same method as described in Chapter 1. 
 
Measurement of residual sugars and medium conductivity 
Samples of the culture medium were aseptically collected from the reactors to 
measure residual sugars and conductivity. After the removal of cell debris by 
centrifugation, the medium samples were analyzed with a refractometer (RX-5000α; 
Atago, Tokyo, Japan) to determine residual sugars. The conductivity of the medium was 
also measured with a conductivity meter (B-173; Horiba, Kyoto, Japan).  
 
Hydraulic permeability of the root bed 
Hydraulic permeability of the root bed was determined using the method described 
by Ramakrishnan and Curtis [56]. Root samples (39 mm diameter × 100 mm length) 
were collected with a borer from roots cultured for 56 days in the 200-L modified airlift 
reactor with a mesh draft tube (200-L AM). Water flow through the root column was 
measured under various differential pressures (3–50 kPa/m), and hydraulic permeability 
(K) was calculated according to a modified form of Darcy’s equation:  
)/()//1(1 1 LPLAKv   , 
where ν is the superficial velocity of the medium, and , P, L, and A are the 
viscosity coefficient of the medium, the differential pressure of the system, and the 
length and cross-sectional area of the root bed, respectively. The value , which is 
determined by a control experiment with an empty column, accounts for the resistance of 
the tubing and connectors in the apparatus. Tap water was used rather than culture 
medium in the measurements. 
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Evaluation of liquid flow in the modified airlift reactor with a mesh draft tube 
Liquid flow was evaluated by tracer experiments using phenolphthalein and sodium 
hydroxide. A 20-L cylindrical container (30 × 30 cm) made of polycarbonate, rather than 
stainless steel, was used for the outer vessel (Fig. 2-1G). In the container, the same 
internal components of the 20-L AM (Fig. 2-1D) were installed. A 4:1 mixture of sea 
sand of 30–50 mesh (Wako) and 40–85 mesh (Nacalai Tesque) was mainly used as a 
substitute for cultured roots, as the mixture gave a hydraulic permeability similar to that 
of the densely grown root bed. The surface of the bottom perforated plate and the mesh 
draft tube were covered with a thin polyurethane sponge (2-mm-thick) to hold the sand 
in the culturing space. The liquid level was adjusted to 14 L with tap water. 
Phenolphthalein (2%) dissolved in ethanol was added to a final concentration of 
approximately 10 mg/L. Methyl p-oxybenzoate (2 g) was also added as a preservative. 
After a small amount (0.1 mL) of 0.5% sodium hydroxide was applied on the top of the 
sand bed (5 L, approximately 8 cm in height), the migration of the colored area was 
monitored under various aeration conditions. The time required for the red color to reach 
the bottom of the bed was measured (n = 3). Liquid velocity in the bed was calculated 
from the migration rate and the porosity of the sand bed. Mixing time was also estimated 
by dividing the actual medium volume (12 L) by the flow rate (liquid velocity × the 
cross sectional area of the reactor). The differential pressures between the top and the 
bottom of the bed were measured by observing the changes in water level in a tube 
manometer (4 mm in internal diameter) [57].  
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2-3. Results 
 
Root culture using the 10-L stirred tank and 20-L bubble column reactors 
To evaluate the efficacy of the 10-L modified stirred tank reactor (10-L ST) (Fig. 
2-1A) and the 20-L bubble column reactor (20-L BC) (Fig. 2-1B), root culture 
experiments were performed twice in the 10-L ST with a stirring speed of 50 rpm and 
aeration of 0.1 vvm and 3 times in 20-L BC under different aeration conditions (0.07 and 
0.15 vvm with a porous stainless steel sparger, and 0.15 vvm with a ceramic sparger). 
The results are shown in the left-hand columns of Fig. 2-2 (Nos. 1–5). The 10-L ST had 
a high yield of root mass (approximately 25 g/L) with a moderate saikosaponin content 
(1.3–1.4% per dry root weight) (Fig. 2-2, Nos. 1 and 2), similar to that found in 
field-grown roots of B. falcatum L [11, 43]. The yield of saikosaponins was 
approximately 300 mg/L. Agitation by a separated impeller, used for culturing 
transformed hairy roots [47, 59, 60], caused intensive foaming and subsequent overflow 
of the culture medium even at a low rotation speed (50 rpm) and a low aeration rate (0.1 
vvm) in the 10-L ST. The agitation also prevented uniform spatial dispersion of the roots, 
because the roots were collected at the center of rotation. Therefore, this device was 
excluded from further experiments.  
With the 20-L BC (Fig. 2-1B), the use of a ceramic sparger (20 mm diameter × 100 
mm length) at an aeration rate of 0.15 vvm resulted in higher saikosaponin content 
(approximately 2% per root dry weight) (Fig. 2-2, No. 5) than those obtained with the 
10-L ST. The yield was approximately 25 g/L of dry roots with 500 mg/L of 
saikosaponins, similar to that reported for a flask culture of the roots of B. falcatum L. 
using the 2-step culture method (18). The roots grew vigorously throughout the entire 
culturing area in the reactor without the use of supporting materials (Fig. 2-3B).  
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Root culture using the 200-L bubble column reactor 
The configuration of the 20-L BC was applied to a 200-L bubble column reactor 
(200-L BC) equipped with 8 ceramic spargers (20 mm diameter × 150 mm length) at the 
bottom (Fig. 2-1E). However, this configuration resulted in substantial floating of the 
roots in the reactor despite the low aeration rate used (maximum rate: 0.05 vvm). The 
roots flocculated just under the upper perforated plate that held the roots in the culturing 
area, forming a firm root disk (Fig. 2-3C). The disk-shaped flocculated roots trapped 
sparged air and consequently formed a large empty space under the disk. As a result, the 
roots had poor contact with the medium, decreasing the root yield and saikosaponin 
production (Fig. 2-2, No. 6). In addition, the trapped air in the empty space elevated the 
medium level, allowing the culture medium to easily overflow, even at a low aeration 
rate. The yields from the 200-L BC were 14.6 g/L of dry roots, 96 g/L of fresh roots, and 
226 mg/L of saikosaponins.  
 
Modification of the bubble column reactors with perforated plates and draft tubes 
To avoid the root flocculation observed in the 200-L BC, 2 different modifications 
were tested with the 20-L reactors. First, the culturing area was separated from the 
aeration area with a partitioning device comprising a draft tube and a lower perforated 
plate (20-L AL) (Fig. 2-1C). Roots grew well throughout the entire culturing area in the 
20-L AL. However, the root dry weight and saikosaponin content in the 20-L AL (Fig. 
2-2, No. 8) were considerably lower than the highest amounts obtained from the 20-L 
BC (Fig. 2-2, No. 5) despite a higher aeration rate (0.5 vvm in the 20-L AL versus 0.15 
vvm in the 20-L BC).  
We then evaluated the effect of using a mesh draft tube as a central partitioning 
device (20-L AM) (Fig. 2-1D). Despite its small size (40 mm diameter × 180 mm length), 
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the mesh draft tube (40 mesh) greatly enhanced biomass and saikosaponin production 
(Fig. 2-2, Nos. 9 and 10) compared to the production observed with the solid draft tube 
used in the 20-L AL (Fig. 2-2, Nos. 7 and 8). The 20-L AM yielded approximately 26 g/L 
of dry roots containing 1.9% saikosaponins after 42 days and 28 g/L dry roots containing 
2.2% saikosaponins after 56 days under the maximum aeration of 0.5 vvm. This 
enhancement was likely due to improved mixing of the culture medium by additional 
lateral flow through the mesh draft tube. Concerning the spatial distribution of the roots, 
no clear differences were observed between the cultures with the mesh draft tube and 
those with the solid one. The mesh size (20 or 40 mesh) did not affect the productivity 
(Fig. 2-2, Nos. 11 and 12). The modified reactor (20-L AM) required a higher aeration 
rate of 0.5 vvm than the bubble column reactor (20-L BC) to obtain a high level of 
saikosaponin production. Periodic application of antifoam was important to prevent 
excessive foaming and incidental medium overflow, although the partitioning device 
successfully removed sparged air from the reactor.  
Application of the mesh draft tube also successfully prevented root flocculation in 
the 200-L reactor (200-L AM), yielding 500–600 mg/L of saikosaponins after 56 days 
(Fig. 2-2, Nos. 13 and 14). The dry root yield and saikosaponin content were 25 g/L and 
2.0–2.5%, respectively. In contrast to the bubble column reactors, this design generated 
downward flow of the medium in the culturing area and tended to sediment the 
inoculated roots. Therefore, a low aeration rate was used during the first 14 days to avoid 
root sedimentation. The roots harvested from the various culturing locations within this 
reactor had high saikosaponin contents (Table 2-2), which reflected the consistent 
growth in the root bed (Fig. 2-3F, G). The root beds sampled from densely packed 
regions in the 200-L AM (500 g fresh weight/L in the root bed) had a hydraulic 
permeability of 1.34 × 10−6 cm2, similar to that (1.66 × 10−6 cm2) reported for a root 
culture (439 g fresh weight/L) of Nicotiana tabacum [56].  
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Time courses for the pH, DO, conductivity, and residual sugar content of the 
medium and exhaust CO2 were monitored (Fig. 2-4). The pH of the medium was stable 
except during the first 14 days, when the lateral roots were formed by the addition of 
IBA. A DO sensor placed in the root bed at 70 mm above the bottom perforated plate 
showed at least 65% saturation level throughout the culture. Sugars (Brix %) in the 
medium decreased rapidly after 21–28 days, whereas the conductivity decreased at a 
constant rate up to 35 days. The amount of exhaust CO2 increased during the first 20 
days, plateaued for 15 days, and decreased gradually after that until the end of the 
experiment.    
 
Liquid flow in the modified airlift reactor with a mesh draft tube 
To evaluate the liquid flow in the reactor, tracer experiments were conducted on a 
scale of 20 L by using the mixed sea sand beds, which provided a hydraulic permeability 
similar to that of densely grown roots (Fig 2-1G). Aeration at 0.25 and 0.5 vvm resulted 
in the downward migration of the colored area at speeds of 0.08 and 0.11 cm/s, 
respectively, along the periphery of the sand bed (hydraulic permeability: 1.30 × 10−6 
cm2, porosity: 0.4). The differential pressures between the top and the bottom of the sand 
bed were 0.15 kPa at 0.25 vvm and 0.20 kPa at 0.5 vvm. 
The upper part (approximately 10 cm) of the mesh draft tube protruded from the 
sand bed (8 cm in height), and it was left uncovered in the measuring system. The effect 
of suppressing the lateral flow through the protruded mesh was examined, as the roots 
normally cover the entire side surface of the mesh draft tube during culture (Fig. 2-1D, 
F). Covering the side surface of the protruded area with a plastic sheet almost doubled 
the migration (0.22 cm/s) and the differential pressure (0.45 kPa) at 0.5 vvm. Under 
these conditions, the liquid velocity at the periphery of the sand bed and the mixing time 
were calculated to be 5.3 cm/min and 190 s, respectively. Coarser sand (20–35 mesh, 
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hydraulic permeability: 3.9 × 10−6 cm2, porosity: 0.5) gave a lower differential pressure 
(0.24 kPa) but a higher migration (0.36 cm/s), which corresponded to a liquid velocity of 
11 cm/min and a mixing time of 95 s. The liquid flow generated in the reactor was 
shown in Fig. 2-5. 
In the absence of the sand, however, the flow profile became rather random due to 
the vigorous spurt from the draft tube, and a distinct downward flow was observed only 
near the bottom perforated plate. Lateral flow to the center was also observed near the 
surface of the lower part of the mesh draft tube.  
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Fig. 2-1  Schematic illustrations of reactors used in the experiments. (A) 10-L 
modified stirred tank reactor (10-L ST), (B) 20-L bubble column reactor (20-L BC), (C) 
20-L modified airlift reactor (20-L AL), (D) 20-L modified airlift reactor with a mesh 
draft tube (20-L AM), (E) 200-L bubble column reactor (200-L BC), (F) 200-L modified 
airlift reactor with a mesh draft tube (200-L AM), and (G) 20-L reactor with a tube 
manometer used in tracer experiments for evaluating liquid flow (20-L AMT). Arrows 
indicate the inlets for sterilized air sent to the spargers for aeration. Plates with small 
holes indicate perforated plates (aperture diameter, 5 mm and pitch, 8 mm) used for 
partitioning. The impeller in (A) was covered with stainless steel mesh (40 mesh, 
0.25-mm square openings). In the center of the modified airlift reactors (C, D, F, and G), 
a draft tube was placed to separate the culturing area (outside of the tube) from the 
aeration area (inside of the tube). Two types of draft tubes (solid stainless steel or 
stainless steel mesh) were used. Hatched areas indicate stainless steel mesh. Shaded 
areas indicate the culture medium level. A dotted line in (G) indicates the top of the sand 
bed used for a substitute of roots.  
A B C D
10-L ST
20-L BC 20-L AL 20-L AM
FE
200-L BC 200-L AM
20-L AMT
G
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Table 2-1 Details of reactors 
Reactor 
type* 
Working 
volume  
(L) 
Diameter 
× height 
(mm) 
Internal components 
Reactor 
design  
(Fig. 2-1) 
10-L ST 7 180 × 400 
Impeller with a partition mesh  
(40 mesh),  
perforated plate (top), sparger 
A 
20-L BC 14 300 × 300 Perforated plates (top and bottom), sparger B 
20-L AL 14 300 × 300 
Draft tube (40 × 180 mm),  
perforated plates (top and bottom), 
sparger 
C 
20-L AM 14 300 × 300 
Mesh draft tube  
(40 × 180 mm, 20 or 40 mesh),  
perforated plates (top and bottom), 
sparger 
D 
200-L BC 140 550 × 900 Perforated plates (top and bottom), 8-piece sparger E 
200-L AM 140 550 × 900 
Mesh draft tube  
(80 × 560 mm, 20 mesh),  
perforated plates (top and bottom), 
4-piece sparger 
F 
20-L AMT 14 300 × 300 
Draft tube (40 × 180 mm),  
perforated plates (top and bottom), 
sparger 
G 
*ST, BC, AL, and AM stand for stirred tank reactor, bubble column reactor, modified 
air-lift reactor, and modified air-lift reactor with a mesh draft tube, respectively. 
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No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Reactor 10-L ST 20-L BC 
200-L 
BC 
20-L AL 20-L AM 
200-L  
AM 
Aeration (vvm) 0.1 0.07 0.15 0.07 0.25 0.5 0.25 0.5 0.5 
Time (d) 42 42 56 42 42 56 56 
 
Fig. 2-2  Yields and conditions for all culture experiments (Nos. 1–14). (A) Dry weight 
of the cultured roots, (B) saikosaponin content, and (C) saikosaponin yield. Closed bars 
indicate root dry weight; hatched bars, saikosaponin-a (content and production); and 
cross-hatched bars, saikosaponin-d (content and production). The sparger materials were 
porous stainless steel in Nos. 1–4 and porous ceramic in Nos. 5–14. ST, BC, and AL 
represent stirred tank, bubble column, and modified airlift reactors, respectively. AM 
represents the modified reactor with a mesh draft tube. 
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Fig. 2-3 Roots harvested from modified stirred tank and bubble column reactors and 
modified airlift reactors with mesh draft tubes. Roots were cultured (A) for 42 days in a 
10-L modified stirred tank reactor (10-L ST), (B) for 42 days in a 20-L bubble column 
reactor equipped with a ceramic sparger (20-L BC), and (C) for 56 days in a 200-L 
bubble column reactor with multiple ceramic spargers (200-L BC). (D) Roots were 
cultured for 42 days in the 20-L reactor (20-L AM) and (F) for 56 days in the 200-L 
reactor (200-L AM). The internal root growths in the 20-L and 200-L reactors are shown 
in (E) and (G), respectively. 
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Table 2-2  Saikosaponin content at various locations within the 200-L reactor (200-L AM) 
Location Saikosaponin-a (%) Saikosaponin-d (%) 
Top center 1.62 ± 0.05 1.00 ± 0.03 
Top periphery 1.47 ± 0.04 0.93 ± 0.04 
Middle center 1.49 ± 0.06 1.00 ± 0.10 
Middle periphery 1.33 ± 0.06 0.87 ± 0.05 
Bottom center 1.33 ± 0.17 0.93 ± 0.08 
Bottom periphery 1.25 ± 0.28 0.85 ± 0.19 
Values represent means  standard deviations (n = 4).   
 
  
  
- 36 - 
 
 
  
Fig. 2-4  Time courses for (A) pH, (B) DO, (C) conductivity, (D) residual sugars, and 
(E) exhaust CO2 in the 200-L modified airlift reactor with a mesh draft tube (200-L AM). 
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Fig. 2-5  Liquid flow in a modified airlift reactor with a mesh draft tube.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
- 38 - 
 
2-4. Discussion 
A high-density root culture of B. falcatum L. was successfully grown in pilot-scale 
reactors, yielding approximately 25 g/L dry roots and 500–600 mg/L saikosaponins after 
56 days at a maximum aeration rate of 0.5 vvm with an inoculum amount of 5 g/L fresh 
weight (multiplication ratio: 30 in fresh weight and 50 in dry weight). The yield was 
approximately 3-fold greater for root dry weight and 2-fold greater for saikosaponin-a 
and saikosaponin-d content at a 15-fold larger culture scale than that previously reported 
[23]. Compared with our aeration rate, a much higher value (1 vvm) was applied for 3-L 
and 10-L bubble column reactors after optimization, although the details of the spargers 
were undisclosed. The yield differences, therefore, might mainly arise from the 
difference in the sucrose conditions (2% vs. 2-step addition of 1% and 6% in this study).  
Ahn et al. reported saikosaponin production using transformed hairy root cultures at 
a flask scale [58], rather than the untransformed roots used in this study. However, their 
saikosaponin yield was rather low (approximately 30 mg/L) under optimized conditions, 
due to the low root yield. Our previous study also failed to induce vigorously growing 
transformed roots of B. falcatum L. despite many trials (data not shown).  
Regarding large-scale cultures of other plants, Choi et al. [21] reported root 
culturing of Panax ginseng using a BTBB with a 500-L working volume. Their fresh 
root yields were approximately 100 g/L without cutting and 150 g/L with cutting in an 
8-week culture with an inoculum amount of 10 g/L fresh weight. The latter yield 
corresponded to the fresh root yield in this study, where no cutting treatment was applied. 
Our dry root yield, however, may have exceeded their results because the ratio of dry 
weight/fresh weight in B. falcatum L. was markedly enhanced to approximately 0.2 by 
the two-step culturing method [24]. They also reported large-scale cultures of various 
plant materials in the BTBB, including Siberian ginseng (Eleutherococcus senticosus) 
somatic embryos with lower biomass yields [55,61]. Recently, Wu et al. reported 
  
- 39 - 
 
untransformed root cultures of Echinacea purpurea using BTBBs (14-L and 500-L 
working capacities) and a drum-type bubble bioreactor (1000-L working capacity) with a 
dry biomass yield of 5–11 g/L after culturing for 50–60 days [62]. Although they also 
studied detailed conditions affecting the cultures, no substantial increase in the yield was 
observed [63]. Therefore, the biomass yield in this study was high in comparison to 
those reported in the literature. 
Concerning the internal configurations of reactors, simple designs are highly 
recommended for industrial processes. In this respect, a bubble column reactor using a 
ceramic sparger may be an appropriate system for saikosaponin production at the 20-L 
scale with adequate performance. At the 200-L scale, however, additional components 
were required to prevent severe flocculation.  
The final design presented in this study (Fig. 2-1D, F) has distinct differences from 
traditional airlift reactors, and the design is characterized by the separation of the 
culturing area from the aeration area with a small-diameter mesh draft tube and 
perforated plates. Separating roots from aeration bubbles is important for preventing not 
only root flocculation but also the interruption of medium flow caused by air bubbles 
trapped in large root clumps. Use of a mesh draft tube with a small tube diameter (the 
ratio of the draft tube diameter to the reactor diameter (Di/Do): 0.14) provided a large 
outer culturing area that was approximately 50-fold larger than the aeration area. Mesh 
tubes have previously been used as a supporting material to facilitate homogenous root 
distribution in various small-scale reactors [64–67]. In our design, however, the mesh 
draft tube provides a reliable exhaust channel that is not blocked by dense root growth 
while enhancing circulation of the medium by generating additional flow toward the 
center of the reactor. It is also noteworthy that reactors with low aspect ratios (1.0 for 
20-L AM and 1.6 for 200-L AM), rather than tall column designs in the previous studies 
[64–67], were used for easy construction and operation in industrial processes in this 
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study. The advantage of draft tubes with small diameters (Di/Do: 0.08–0.16) over 
traditional tubes (Di/Do: around 0.5) was reported by Murakami et al. [57] for their fiber 
bed reactors, which had a solid draft tube and a fiber bed for anchoring animal cells, in 
terms of liquid flow.  
The mixing and flow of medium have been studied in various reactors including a 
centrifugal impeller bioreactor by Zhong et al. [68] and an airlift reactor by Hu and 
Zhong [69], as the mixing and flow affect the basic performance of a reactor and the 
culture results. In high-density root cultures, the maintenance of liquid flow is extremely 
important for oxygen supply because the formation of large root clumps disturbs the 
mixing of the medium. In addition, the driving force generated by aeration is rather 
limited under normal aeration rates (<1 vvm). In the case of 20-L AM, for example, 5.3 
cm/min of downward liquid velocity with a differential pressure of 0.45 kPa is expected 
in the peripheral region of the densely grown root bed at 0.5 vvm, based on the 
evaluation using the sand bed. Medium saturated with oxygen should have moved slowly, 
requiring approximately 45 s to move from the top to the bottom of the root bed at the 
end of culture while the dissolved oxygen was being consumed by the roots. The mixing 
time of 190 s was rather long compared with the value (40 s) reported by Hu and Zhong 
[69] for high-density suspension culture using an airlift reactor (working volume: 1 L, 
aeration: 1 vvm). The results in this study, however, may be reasonable considering the 
differences in various factors including aeration rate and culture scale.  
In contrast, the medium moved freely in the early stage of culture (0–14 days) due to 
the suboptimal root densities, and therefore, the oxygen supply was probably abundant. 
After this period, the oxygen supply gradually declined as the density was increased by 
root elongation (20–35 days). The increased oxygen demand in this period was expected 
from the monitored data of medium sugars and exhaust CO2 (Fig. 2-4D, E). In the final 
stage of the culture (40–56 days), medium flow might be limited further due to the 
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subsequent root swelling. However, the effect of the decreased flow should be 
compromised by the reduced oxygen demand at the final stage.  
Concerning the detailed geometry of airlift reactors, Hu and Zhong [69] reported 
that the bottom clearance affected the production of ginseng saponin and polysaccharide 
in a high-density suspension culture of Panax notoginseng cells. They found the optimal 
bottom clearance of 40 mm for obtaining an effective mixing that avoided the 
sedimentation and flocculation of cells in a reactor (working volume: 1 L). In this study, 
however, the circulating medium basically contained no cell and root, and it remained 
highly fluid. Therefore, the bottom clearances (15 mm for the 20-L AM and 30 mm for 
the 200-L AM) were considered to be adequate within the range of liquid flow expected 
in our reactors.  
For further improvements in saikosaponin production, studies on the biosynthetic 
pathway of saikosaponins [70,71] may also provide valuable information in the future. 
This culture system is in practical use for the production of cultured roots that are 
currently widely used in our cosmetic products. Thus, this is one of a few successful 
examples of industrial application of large-scale culturing techniques. 
 
2-5. Summary 
Modification of internal configuration of a bubble column, airlift and stirred tank 
reactor (10–200 L) was made for root cultures of Bupleurum falcatum L. Agitation with 
an impeller covered with partition mesh was ineffective for a 10-L modified reactor, 
because it caused intensive foaming and subsequent overflow of the culture medium 
even at a low rotation speed of 50 rpm and a low aeration rate of 0.1 vvm (volume per 
volume of medium). In contrast, efficient aeration through a ceramic sparger placed at 
the bottom of a 20-L bubble column reactor yielded approximately 25 g/L of dry roots 
and 500 mg/L of saikosaponin-a and saikosaponin-d over 42 days. On a 200-L scale, 
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however, the roots became flocculated under the upper perforated plate initially 
positioned near the middle of the reactor, forming a firm disk of roots and a large empty 
space between the disk and the medium. Thus, the roots had poor contact with the 
medium, which severely suppressed their growth. To avoid this flocculation, a bottom 
perforated plate and draft tube were installed as a partitioning device separating the 
culturing area (outside the draft tube) from the aeration area (inside the draft tube). The 
draft tube was made of a stainless steel mesh rather than a solid material, and the tube 
greatly increased the root yield in the 20-L reactor. This configuration was successfully 
applied at the 200-L scale, yielding 500–600 mg/L of saikosaponin-a and saikosaponin-d 
over 56 days.  
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Chapter 3 
 
 
Antioxidative iridoid glucosides  
from Gentiana urnula Harry Sm.  
leading to the corrected structure of depressoside 
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3-1. Introduction 
 
Reactive oxygen species (ROS) such as superoxide anions, hydroxyl radicals, and 
hydrogen peroxides are formed continuously in a number of biological reactions [72,73]. 
Although their crucial roles in cell signaling and apoptosis have been reported [74,75], 
they are also known to react with cellular components and induce oxidative damage to 
cells [76]. To control ROS levels and prevent damage, antioxidative defense systems are 
employed comprising of antioxidants and ROS-interacting enzymes such as superoxide 
dismutases (SOD), peroxidases, and catalases [77,78]. However, external and internal 
stresses including heat, UV, and inflammation, lead to excessive ROS formation, which 
can induce serious damages linked to various diseases [79] and aging [80]. Therefore, 
antioxidants, in particular from natural origins, have been studied extensively [81-84] 
and are used widely in the food, pharmaceutical, and cosmetic industries to provide 
additional defense against ROS, as well as to maintain the quality of their products. In 
addition to regular antioxidants such as ascorbic acid, tocopherols, and their derivatives, 
typical examples of plant-derived antioxidants are catechin (Camellia sinensis) quercetin 
(Styphnolobium japonicum) carnosic acid (Rosmarinus officinalis), and hesperidin 
(Citrus spp.) [85,86]. 
Gentiana urnula Harry Sm. is a small perennial plant distributed in high mountain 
regions (altitude: 3900-5700 m) in western China and Himalaya; the treasuries of diverse 
wild plants habituated to the harsh environments of low temperatures, dryness, strong 
wind, UV radiation, and short growing seasons. The whole plant has been used 
traditionally as “Gang-ga Chung” in Tibetan medicine for treating the common cold, 
fever, and poisoning [26,27]. Extensive screening of alpine plants from these regions has 
shown that a methanol extract, prepared from the flowers of G. urnula, exhibits a strong 
DPPH radical scavenging activity, 10 times higher than those obtained from the 
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well-known crude drugs of Gentianae Radix (roots of G. lutea, G. macrophyllae, and G. 
scabra var. buergeri).  
Numerous in-vitro and in-vivo studies have been performed on Gentianae Radix to 
investigate the chemical ingredients, since it has been widely used in Chinese medicine 
[87,88]. However, little information is available for G. urnula, except for the presence of 
several iridoid compounds [29], and no in-vitro activity study has been conducted. 
Therefore, this study focused on the exploration of the main antioxidants contained in 
these flowers using a 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay [89], followed by 
structural elucidation using NMR and HRMS. The possible SOD-like activity of isolated 
compounds was further evaluated using the nitroblue tetrazolium (NBT) reduction 
method [90]. 
 
3-2. Materials and Methods 
 
Chemicals 
DPPH, ascorbic acid, and α-tocopherol were obtained from Nacalai Tesuque (Kyoto, 
Japan). The SOD-like activity detection kit was obtained from Wako Pure Chemical 
Industries (Osaka). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) 
was obtained from Cayman Chemical Company (Ann Abor, MI, USA). CD3OD was 
obtained from Sigma-Aldrich (St. Louis, MO). Other chemicals were obtained from 
Nacalai Tesuque.  
 
Instruments  
Spectroscopic measurements were conducted using an ECA-600 NMR spectrometer 
(JEOL, Tokyo), a Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, 
MA), a V-560 UV/VIS Spectrometer (JASCO, Tokyo), a LTQ-Orbtrap mass 
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spectrometer (Thermo Fisher Scientific), and a SEPA-300 polarimeter (Horiba, Kyoto). 
Chromatographic purifications were conducted using a MPLC PUMP 540 connected to a 
PREP•UV-10V UV detector (Yamazen, Osaka), an 8020 preparative HPLC system 
(Tosoh, Tokyo), and a Nanospace SI-1 analytical HPLC system (Shiseido, Tokyo). A 
POWERSCAN HT microplate reader (Biotek, Winooski, VT, USA) was used to measure 
sample OD in the DPPH radical scavenging and SOD-like activity assays.  
 
Plant materials 
The G. urnula Harry Sm. flowers were collected in 2003 and 2004 in the high 
mountain region of Himalaya, under the permissions of the village development 
committee. They were air-dried in dry atmospheres immediately after collection. A 
voucher specimen has been deposited in the Kochi Prefectural Makino Botanical Garden 
(MBK) (Kochi, Japan), where the material was identified by Dr. N. Tanaka [91].  
 
Extraction and isolation 
The G. urnula plant material (10.0 g) was pulverized and extracted with MeOH (2 × 
200 mL) at 23 °C for 3 d with shaking at 180 rpm. The extracts were combined and 
concentrated in vacuo at 40 °C to produce an extract (3.79 g). A portion (3.00 g) of the 
extract was suspended in water (300 mL) and then partitioned successively with EtOAc 
(3 × 300 mL) and n-BuOH (3 × 300 mL), resulting in EtOAc- (0.89 g), n-BuOH- (0.87 
g), and water- (1.30 g) soluble fractions. A portion (100 mg) of the n-BuOH-soluble 
fraction (Fr.) was further fractionated using MPLC under the following 
conditions:ODS-S-50B column (26 × 300 mm, Yamazen); mobile phase: MeCN-H2O 
(25:75 from 0 to 60 min and 30:70 after 60 min); 10 mL/min flow rate; detection at 210 
nm. Three active fractions containing one major peak individually were obtained (Fr. 6, 
8.4 mg; Fr. 11, 6.2 mg; Fr. 16, 15.9 mg). They were subjected to structural analyses after 
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the final purification using HPLC under the following conditions; CAPCELLPAK C18 
MG2 column (20 × 250 mm) (Shiseido); mobile phase: MeCN-H2O (20:80); 10 mL/min 
flow rate; detection at 210 nm. Compounds 1 (13.0 mg), 2 (4.4 mg), and 3 (4.8 mg) were 
obtained from Fr. 16, Fr. 6, and Fr. 11, respectively. 
 
Compound 1 
Off-white powder, [α]23D  −76° (c 0.266, MeOH); UV λmax (EtOH) nm (ε): 221 
(29930), 235 sh (23650), 322 (3100); IRvKBrmaxcm
−1: 3422 (br), 1693, 1632, 1468, 1306, 
1074, 757; NMR δH and δC (CD3OD): matched literature values;[29] ESI+-HRMS m/z 
(M + NH4)+ Calcd. for C40H56O22N: 902.3294. Found: 902.3311. m/z (M + H)+ Calcd. 
for C40H53O22: 885.3029. Found: 885.3031.  
 
Compound 2 
Off-white powder, [α]26D  −35° (c 0.218, MeOH); UV λmax (EtOH) nm (ε): 220 
(30820), 242 (19480), 324 (3900); IRvKBrmaxcm
−1: 3426 (br), 1709, 1671, 1632, 1469, 1309, 
1277, 1070, 755; NMR δH and δC (CD3OD): matched literature values (refer to Table 
1);[29] ESI+-HRMS m/z (M + NH4)+ Calcd. for C29H42O18N: 692.2401. Found: 692.2401. 
m/z (M + H)+ Calcd. for C29H39O18: 675.2137. Found: 675.2143.  
 
Compound 3 
Light pink powder, [α]20D  −40° (c 0.240, MeOH); UV λmax (MeOH) nm (ε): 204 
(52360), 217 sh (37040), 242 sh (17490), 277 sh (1620), 320 (3580); IRvKBrmaxcm
−1: 3417 
(br), 2934, 1672, 1630, 1477, 1368, 1306, 1154, 1070, 894, 843, 756, 718; NMR δH and 
δC (CD3OD): see Table 1; ESI+-HRMS m/z (M + NH4) + Calcd. for C35H46O20N: 
800.2613. Found: 800.2615. m/z (M + H – C6H6O3)+ Calcd. for C29H37O17: 657.2031. 
Found: 657.2028. m/z (M + H – C6H10O5)+ Calcd. for C29H33O15: 621.1820. Found: 
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621.1817. m/z (M + H – C6H6O3 – C6H10O5)+ Calcd. for C23H27O12: 495.1503. Found: 
495.1490. m/z (M + H – C6H10O5 – C12H14O7)+ Calcd. for C17H19O8: 351.1080. Found: 
351.1075. m/z (M + H – C6H6O3 – C6H10O5 – C7H6O4)+ Calcd. for C16H21O8: 341.1237. 
Found: 341.1230. m/z (C10H13O4)+ Calcd. for C10H13O4: 197.0814. Found: 197.0809. 
ESI–-HRMS (ion trap) m/z (M – H)– 781.17. 
 
Determination of DPPH radical scavenging activity 
A sample of the compound in DMSO (10 μL) was mixed with a 0.1 mM DPPH 
MeOH solution (90 μL) in a well of a 96-well micro plate. After standing for 10 min, the 
absorbance at 517 nm (As) was measured with the plate reader. The absorbance of 
DMSO without the sample (Ac) and of MeOH substituted for DPPH (AB) were also 
measured. The DPPH radical scavenging activity was calculated using the following 
equation:  
DPPH radical scavenging (%) = [(AC − As) / (AC − AB)] × 100 
 
Determination of SOD-like activity 
SOD-like activity was measured using the nitroblue tetrazolium (NBT) reduction 
method [84] described in the assay kit manual. The sample solution (10 μL) was 
dispensed to a well of a 96-well microplate. Coloring reagent (100 μL), containing 0.1M 
phosphate buffer (pH 8.0), 0.40 mmol/L of xanthine, and 0.24 mmol/L of NBT, was 
added to the well. After a 1 min of gentle mixing, enzyme reagent (100 μL), containing 
0.049 units/mL of xanthine oxidase (from butter milk) and 0.1M phosphate buffer (pH 
8.0), was added. After incubation at 37 °C for 28 min, the enzymatic reaction was 
terminated by adding 690 mmol/L of sodium dodecyl sulfate. After a 5 min of gentle 
mixing, the OD of the mixture (AS) was measured at 560 nm with the microplate reader 
at room temperature to evaluate the level of NBT diformazan, a product of the reaction 
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between NBT and superoxide. In addition, three kinds of blank measurements without 
the sample (ABL), without the enzyme (AS-BL), and without both the test sample and the 
enzyme (ABL-BL) were conducted. The SOD-like activity was determined by calculating 
the inhibition rate of NBT diformazan production using the following equation:  
SOD-like activity (%) = [(ABL − ABL-BL) – (AS – AS-BL)] / [ABL – ABL-BL] × 100 
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3-3. Results and Discussion 
 
DPPH radical scavenging compounds from G. urnula 
The n-BuOH soluble fraction exhibited a higher DPPH scavenging activity (IC50 70 
mg/L) than the EtOAc- (140 mg/L) and water-soluble fractions (370 mg/L), and MPLC 
provided three active fractions (Fr. 6, Fr. 11, and Fr. 16 in Fig. 3-1). The 1H-NMR, 
13C-NMR, HSQC, HMBC, HSQC-TOCSY, 1D-DPFGSE-ROESY, and MS spectral data 
showed that the main compounds isolated from the active fractions were gentiournoside 
A (1), gentiournoside E (2), and depressoside (3) (the genuine structure in this study) 
(Fig. 3-2).  
The molecular formula of 1 and 2 were determined to be C40H52O22 and C29H38O18, 
respectively, using the corresponding ESI+-HRMS data [(M + NH4) +]. The NMR spectra 
of each compound, along with the other analytical data, were in excellent agreement 
with those of gentiournoside A and E isolated from G. urnula by Liu et al.[29]. 
Therefore, compounds 1 and 2 were identified as gentiournoside A and gentiournoside E, 
respectively (Fig. 3-2). 
The 13C and 1H NMR data of 3 were found to be essentially identical to those of 
depressoside isolated from the leaves of G. depressa [28]. The reported chemical 
structure is 7-[6-(2,3-dihydroxy benzoyl)-1-O-β-D-glucosyl] 11-(1-O-pyrogallyl) 
loganate. The main structural features were the same as those found in our elucidation, 
including a 2,3-dihydroxy benzoyl, β-D-glucosyl, pyrogallyl, and loganate unit. 
However, careful examination of the NMR data revealed that the linking of certain 
structural features needed correction, mainly due to the incorrect elucidation around C-7 
of the iridane skeleton. In the previous elucidation, the reported 1H NMR chemical shift 
of H-7 in depressoside was 5.40 ppm, which was higher than those detected in 
7-(1-O-β-D-glucosyl) loganic acid (4.40 ppm). Although this downfield shift was 
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attributed to the influence of the benzoyl group attached to the glucosyl unit, the distance 
between that and C-7 may have been ignored. The downfield shift could be better 
explained by assuming the presence of a benzoyl unit on C-7, as in 3, and so the genuine 
structure was elucidated as follows. 
The molecular formula of 3 was determined to be C35H42O20 using the ESI+-HRMS 
data [(M + NH4) +]. The NMR spectra of 3 showed 29H and 35C signals, and comparison 
of the data with reported data of gentiournoside E (Table 3-1), as well as with those of 
gentiournoside A [29], depresteroside [92], loganin [93], and 7-O-acetyl loganic acid 
[94], suggested that 3 should have a common 7-(2,3-dihydoroxy benzoyl) loganate, an 
additional sugar, and an aromatic unit. The 1H NMR signal of the anomeric proton (4.71 
ppm, d, J = 7.6 Hz) and the characteristic 13C NMR pattern indicated that the additional 
sugar should be a β-D-glucopyranosyl unit. The 13C NMR signals for the anomeric 
carbon C-1''' (102.86 ppm) and C-6''' (63.34 ppm) exhibited downfield shifts of +8.53 
and +3.12 ppm, respectively, compared with the corresponding signals in gentiournoside 
E, showing that this additional β-D-glucopyranosyl unit was substituted at C-1''' and 
C-6'''. The large downfield shift of C-1''' could be explained by the attachment of an 
aromatic unit to C-1'''. The aromatic unit was determined to be a pyrogallyl unit by 
comparing the 1H NMR signals of 3 with the reported data [28] of depressoside, and the 
HMBC data in this study (Fig. 3-3). HMBC correlations (H-1'''/C-1'''' and H-6'''/C-11) 
confirmed the connections of the 7-(2,3-dihydoroxy benzoyl) loganate, 
β-D-glucopyranosyl, and pyrogallyl units, while other HMBC correlations (H-7/C-7'' 
and H-1/C-1') supported the connections of the 7-(2,3-dihydoroxy benzoyl) loganate unit. 
The postulated fragment ions deduced from the ESI+-HRMS data (Fig. 3-4) strongly 
supported the elucidated structure 3 (Fig 3-2).  
Therefore, compound 3 was identified as 6-β-(2,3-dihydroxyphenyl)-D-glucosyl 
7-O-(2,3-dihdroxybenzoyl)-loganate [IUPAC name: 6-(2,3-Dihydroxy-benzoyloxy) 
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-7-methyl-1-(3,4,5-trihydroxy-6-hydroxymethyl-tetrahydro-pyran-2-yloxy)-1,4a,5,6,7,7a
-hexahydro-cyclopenta[c]pyran-4-carboxylic acid 6-(2,3-dihydroxy-phenoxy) 
-3,4,5-trihydroxy-tetrahydro-pyran-2-ylmethyl ester].  
 
Antioxidative activities of the isolated iridoids 
The results of the DPPH radical scavenging and SOD-like activity assays are shown 
in Table 2. Compound 3 exhibited a slightly higher activity (IC50 7.9 mg/L or 10.1 µM) 
than 1 and 2 in the DPPH radical scavenging assays. These values were roughly within 
the same range as those of L-ascorbic acid and Trolox (a water-soluble vitamin E 
derivative).  
However, compound 3 exhibited an excellent SOD-like activity (IC50 35.6 mg/L or 
45.5 µM) in the NBT reduction assay, while 1 and 2 showed weak activities of 25% and 
39% scavenging at 800 mg/L, respectively. The activity of 3 was at least 10 times higher 
than that of Trolox (IC50 400 mg/L or 1.6 mM). Neither DPPH radical scavenging nor 
SOD-like activity was observed in loganin, which has a common structural feature to the 
three compounds. The comparison of chemical structures indicated that the pyrogallyl 
unit of compound 3 greatly contributed to the high SOD-like activity. The approximate 
contents of 1, 2, and 3 in the dried flower were calculated to be 2.0, 0.5, and 0.5w/w%, 
respectively, based on their recovery rates. The fairly high abundances of these active 
compounds might suggest their protective roles in the plant. 
We have reported the first exploration of the antioxidative constituents in G. urnula. 
Although all three isolated compounds are known iridoids, the present study proposed a 
corrected chemical structure of depressoside, the most active antioxidative compound of 
the three. Depressoside was found to contain a common structural feature, 
7-(2,3-dihydroxy benzoyl) loganate, found in gentiournoside A-E [29], and this 
information may be also useful for the chemotaxonomy of G. urnula and related species 
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[95]. From a practical point of view, G. urnula produces comparably large flowers (3–4 
cm in diameter) with the help of its well-developed root systems [96] despite the 
smallness of the plant (4–6 cm in height). Therefore, the flowers of G. urnula could be a 
good sustainable source of antioxidants, if maintained properly. G. depressa, a close 
relative that is reported to contain depressoside could also be an attractive source of 
antioxidants because of habituation in slightly lower altitudes (2900–4300 m). 
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Fig. 3-1 An elution profile from the MPLC fractionation of the n-BuOH soluble 
fraction (top) and DPPH radical scavenging activities of the fractions (bottom). Number 
annotations on the graph indicate the fraction numbers. Fraction 17 and 18 were the peak 
shoulders of fraction 16 and contained compound 1 as the main component. The IC50 
values are averages obtained from triplicate experiments.  
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Fig. 3-2 Chemical structures of 1, 2, 3* and depressoside (literature).  
* The corrected chemical structure of depressoside in this study. All the sugars shown 
were β-D-glucopyranosyl units.  
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Table 3-1    NMR Spectroscopic Data for Compound 2, 3, and Depressoside* (in CD3OD)
Position 13C 1H J (Hz) Position 13C 1H J (Hz) Position 13C 1H J (Hz)
Iridoid part Iridoid part Iridoid part
Aglycone Aglycone Aglycone
1 96.24 5.34 (d) 4.4 1 96.13 5.37 (d) 4.1 1 97.3 5.4 (s)
3 152.58 7.53 (s) - 3 151.55 7.49 (s) - 3 152.3 7.52(d) 1
4 111.43 - - 4 112.00 - - 4 114.1
5 31.41 3.14 (ol) - 5 31.33 3.20 (ol) - 5 32.3 3.18 (m)
6 39.08 2.42 (dd)1.90 (dd)
14.7, 8.2
14.7, 8.2 6 39.23
2.40 (dd)
1.84 (dd)
15.2, 6.9
15.2, 6.9 6 40.3
2.41 (dd)
1.86 (dd)
15, 8, 1.5
15, 8, 5.5
7 78.85 5.41 (m) - 7 78.93 5.39 (m) - 7 80.1 5.4 (s)
8 39.94 2.19 (m) - 8 40.00 2.19 (ol) - 8 41.0 2.23 (m)
9 46.04 2.17 (ol) - 9 46.06 2.21 (ol) - 9 47.1 2.23 (m)
10 12.70 1.09 (d) 6.4 10 12.41 1.12 (d) 5.5 10 13.5 1.13 (d) 6
11 165.70 - - 11 167.35 - - 11 168.6
Sugar Sugar Sugar
1' 99.17 4.71 (d) 7.8 1' 99.07 4.68 (d) 6.9 1' 100.2 4.73a (d) 7.5
2' 73.61 3.17 (ol) - 2' 73.55 3.19 (ol) - 2' 74.7
3' 76.96 3.37 (ol) - 3' 76.84 3.36 (ol) - 3' 77.9a
4' 70.53 3.26 (ol) - 4' 70.43 3.27 (ol) - 4' 71.5
5' 77.24 3.27 (ol) - 5' 77.24 3.31 (ol) - 5' 78.3a
6' 61.81 3.85 (dd)3.63 (dd)
2.3, 11.5
- 6' 61.62
3.90 (dd)
3.67 (dd)
12.4, 2.1
12.4, 6.9 6' 62.7
3.93 (dd)
3.70 (dd)
12, 1.5
12, 5.5
1''' 94.33 5.47 (d) 8.2 1''' 102.86 4.71 (d) 7.6 1'' 104.0 4.70a (d) 8.5
2''' 72.88 3.30 (ol) - 2''' 73.63 3.46 (ol) - 2'' 74.7
3''' 76.92 3.34 (ol) - 3''' 76.36 3.44 (ol) - 3'' 77.7
4''' 70.05 3.31 (ol) - 4''' 70.82 3.32 (ol) - 4'' 71.9
5''' 77.61 3.32 (ol) - 5''' 74.47 3.61 (td) 6.9, 2.1 5'' 75.5
6''' 61.39 3.77 (dd)3.61 (ol)
1.8, 11.5
- 6''' 63.34
4.48 (dd)
4.24 (dd)
12.4, 2.1
12.4, 6.9 6'' 64.5
4.52 (dd)
4.26 (dd)
12, 1.5
12, 7
Pyrogallol Pyrogallol
1'''' 146.11 - - 1''' 136.5
2'''' 135.38 - - 2''' 147.3
3'''' 145.96 - - 3''' 147.0b
4'''' 110.65 6.47 (dd) 8.3, 1.4 4''' 120.0c 6.63 (dd) 8, 1.5
5'''' 118.70 6.53 (t)   8.3 5''' 109.9 6.53 (dd) 8, 8
6'''' 108.64 6.62 (dd) 8.3, 1.4 6''' 111.9 6.47 (dd) 8, 1.5
Benzoic acid part Benzoic acid part Benzoic acid part
1'' 112.92 - - 1'' 112.88 - - 1'''' 113.1 - -
2'' 150.21 - - 2'' 150.19 - - 2'''' 151.3 - -
3'' 146.17 - - 3'' 146.04 - - 3'''' 147.1b - -
4'' 120.69 6.97 (dd) 7.8, 1.4 4'' 120.56 7.00 (dd) 7.6, 1.4 4'''' 121.7 7.00 (dd) 8, 1.5
5'' 119.03 6.72 (t)  7.8 5'' 118.87 6.73 (t)  7.6 5'''' 120.1c 6.73 (dd) 8, 8
6'' 119.91 7.31 (dd) 7.8, 1.4 6'' 119.87 7.30 (dd) 7.6, 1.4 6'''' 121.1 7.32 (dd) 8, 1.5
7'' 170.05 - - 7'' 170.03 - - 7'''' 171.2 - -
Depressoside (Literature*)Compound 2 Compound 3
* NMR data reported by Chulia and Kaouadji (1985). 
  Data with the same alphabet on the shoulders are interexchangeable within the column.
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Fig. 3-3 HMBC correlations for compound 3. 
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Fig. 3-4 Postulated fragments of compound 3 in ESI+-HRMS. 
 
  
  
- 59 - 
 
 
 
 
    
Table 3-2  Antioxidative activities of the isolated compounds (IC50)  
Test sample DPPH radical scavenging SOD-like activity 
Compound 1 14.7 ± 1.5 μM (13.0 ± 1.3 mg/L) 
ND 
(more than 800 mg/L) 
Compound 2 15.8 ± 1.8 μM  (10.1 ± 1.9 mg/L) 
ND 
(more than 800 mg/L) 
Compound 3 10.1 ± 0.8 μM (7.9 ± 0.9 mg/L) 
45.5 ± 4.7 μM 
(35.6 ± 3.6 mg/L) 
L-Ascorbic acid 23.2 ± 0.7 μM (4.1 ± 0.1 mg/L) ND* 
Trolox 12.9 ± 0.3 μM (3.2 ± 0.1 mg/L) 
1580 ± 290 μM   
(395 ± 73 mg/L) 
Loganin ND (No activity at 100 mg/L) 
ND 
(No activity at 800 mg/L) 
Values indicate the average ± SD (n = 4 for DPPH radical scavenging 
activity and n = 3 for SOD-like activity). ND: Not determined.  
* Not determined due to undesired color development by the sample. 
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3-4. Summary 
Three known iridoid glucosides (gentiournoside A, gentiournoside E, and 
depressoside) were isolated from the flowers of Gentiana urnula Harry Sm. through 
activity-guided fractionations with a 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay. All 
three compounds exhibited excellent DPPH radical scavenging activities (IC50 10-20 
µM) comparable to that of ascorbic acid and Trolox. However, examination of the NMR 
data revealed that the reported chemical structure of depressoside, previously isolated 
from the leaves of G. depressa, needed correcting due to incorrect elucidation around 
C-7 of the iridane skeleton, and was corrected to 6-β-(2,3-dihydroxyphenyl)-D-glucosyl 
7-O-(2,3-dihdroxybenzoyl)-loganate. Depressoside exhibited a much higher scavenging 
activity against superoxide radicals (IC50 45.5 µM) than the other two extracted 
compounds (IC50 more than 900 µM) due to the crucial presence of a pyrogallyl unit.  
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Conclusion 
 
This thesis is composed of two types of studies: (1) saikosaponin production in Chapters 
1 and 2, and (2) antioxidant exploration in Chapter 3.  
Regarding saikosaponin production, the effect of sugar concentration on the 
production of saikosaponins was investigated using root cultures of B. falcatum L. As a 
result, an efficient two-step culture was developed. The formation of lateral roots was 
accelerated by a low concentration of sugar (e.g., 1% sucrose) in the early stage of the 
culture, while saikosaponin production was enhanced by increasing the sugar 
concentration (up to 6%) after two weeks, when the lateral roots fully emerged. The 
developed method is easy, effective, and safe, and therefore, considered suitable for 
producing cosmetic ingredients. 
Scale-up of the culture was investigated by modifying the internal configuration of a 
bubble column, airlift, and stirred tank reactor (10–200 L), based on the two-step culture 
method described in Chapter 1. The prevention of root flocculation was crucial for high 
saikosaponin production in 200-L reactors. The modified reactor with a mesh draft tube 
effectively suppressed flocculation and resulted in a high yield of 500–600 mg/L 
saikosaponins over 56 days. The mesh draft tube might be effective for other root 
cultures, because root flocculation is a common problem in large-scale root cultures. The 
two-step culture and the modified airlift reactors are used in the current production of 
Bupleurum falcatum root extract. The use of the extract is expected to increase, because 
the extract is applicable to both cosmetics in China and quasi-drugs in Japan. 
The exploration of antioxidative compounds in G. urnula resulted in the isolation of 
three known iridoid glucosides: gentiournoside A, gentiournoside E, and depressoside. 
This has led to a correction of the reported structure of depressoside through NMR 
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examination. Although all three compounds showed high DPPH radical scavenging 
activities, only depressoside showed a significantly higher SOD-like activity, attributable 
to the presence of a pyrogallyl unit. Scientific rigorous information such as that provided 
here is becoming more important considering the magnitude of information of varying 
quality available on the Internet.    
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Summary in Japanese 
 
 本学位論文は、化粧品用薬剤 2 素材の実用化に際して実施した、ミシマサイコ
（Bupleurum falcatum L.）培養根によるサイコサポニンの大量生産に関する組織培養
学研究とリンドウ科植物 Gentiana urnula Harry Sm.の花由来の抗酸化成分に関する
天然物化学研究をまとめたものである。 
【Preface】 
 はじめに、化粧品原料の中における化粧品用薬剤の位置付けや薬事上の制限等に
ついて述べた後、ミシマサイコおよび G. urnula が研究対象として選ばれた理由等につ
いて記述した。 
 ミシマサイコは局方に収載される漢方の要薬であり、サイコサポニン a (SSa)、サイコ
サポニン d (SSd) 等のトリテルペノイド系サポニンやフィトステロール類を含む。SSa と
SSd からそれぞれ得られるサイコサポニン b1 とサイコサポニン b2 は皮膚線維芽細胞
単層培養系において優れた増殖促進作用を示す他、真皮モデルと位置付けられる収
縮コラーゲンゲル内おいて Cell-Matrix Contact Inhibition により引き起こされる線維芽
細胞増殖抑制を緩和することも知られている。そこで抗老化剤への活用を目指して、
サイコサポニンの大量生産に取り組んだ。 
 もう一つの素材である G. urnula はチベット医学で風邪などの治療に用いられる植物
で、抗酸化剤の幅広いスクリーニングの中で選ばれたものである。 
 
【Chapter 1】 
 本研究で確立したサイコサポニン大量生産法の根幹を成す、培地中の糖濃度の制
御について記述した。糖は光合成能を持たない培養根の生育に必須の炭素源あるが、
植物組織培養用培地に最も多量に配合される成分でもあり、その影響は浸透圧をはじ
め多岐にわたると考えられる。そこで糖濃度の影響を詳細に検討した。  
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 培養開始時のショ糖濃度について IBA 4 mg/L を含む B5 基本培地を用いて検討した
ところ、通常用いられる濃度域（2～3％）においてもミシマサイコ培養根の側根形成が
濃度依存的に強く抑制され、初期の生育はショ糖 1％付近で最も良好であった。しかし
ショ糖 1％では側根形成した 2 週目以降に糖が不足し、培養 8 週目の最終的なサポニ
ン生産量はショ糖 4％で最も高い結果となった（SSa と SSd の合計で約 200 mg/L）。 
 次に、培養開始時にショ糖 4％を添加する条件をコントロールとして、種々の添加方
法を検討した。ショ糖濃度 1％で培養を開始して側根が形成された 2 週目に残りのショ
糖 3％分を一度に添加するとサポニン生産量は約 2 倍となった。さらに培養 2 週目に添
加する糖濃度を 6％まで高めたところ、高いサポニン含量を維持しながら根の収量が
増大し、サポニン生産量はコントロールに比べ、約 4 倍に上昇した（SSa と SSd の合計
で約 800 mg/L）。 
 以上のように、糖濃度を 2 段階に制御することにより、サイコサポニンの蓄積部位で
ある側根の形成を効率化させ、最終的なサポニン生産量を飛躍的に増やすことができ
た。この内容は Plant Cell Reports, 19, 1115－1120, 2000 に掲載されている。  
 
【Chapter 2】 
 本章では、前章に記載した成果を実用化するために実施したミシマサイコ培養根の
大量培養に関する研究について記述した。植物懸濁培養細胞に比べて培養根は一般
に互いに絡みあって大きな集塊を形成しやすく、通気や撹拌によるせん断ストレスを受
けやすい。このような根の形態上の特徴はリアクター内で不均一な環境を生み、培養
スケールアップを阻む一因になると考えられる。そこで根の培養に特有の問題を解決
するために、培養全般に広く用いられる通気撹拌型リアクター、バブルカラムリアクター、
エアリフトリアクター（10～200 L）の内部構造を改変することにより、ミシマサイコ培養根
の大量培養とサイコサポニン生産の最適化を試みた。 
撹拌羽根と培養スペースがステンレスメッシュで隔てられた改変通気撹拌型リアクター
（10 L）では、発泡による培地の流出を避けるために通気撹拌条件は撹拌回転数 50 
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rpm、通気量 0.1 vvm と低い値に制限された。その結果、サイコサポニン生産量はフラ
スコ培養の場合の半分程度であった。一方、20 L バブルカラムリアクター培養の結果、
微細な気泡を発生するセラミックスパージャーを用いることにより、撹拌羽根なしで良
好な生育と高いサポニン生産量が得られた。しかし 200 L にスケールアップした場合、
根は上部に浮上して円盤状の集塊を形成し通気撹拌が困難な状態となり、サポニン生
産量は著しく低下した。根の浮上を避けるために通気部と培養部をメッシュ状のドラフト
チューブと多孔板により仕切った改変エアリフトリアクターをデザインした。その結果、
200 L スケールにおいて培養 8 週間で培地 1 L あたりサイコサポニン生産量 500～600 
mg と高い生産性が達成された。 
 20 L のモデル装置を用い、培養根集塊の上下部間での差圧を測定したところ、通気
量 0.5 vvm 時に約 0.5 kPa であった。この差圧は培地循環の推進力となるが、小さな差
圧を効率よく利用する観点からも、根の局在化やバイパスの発生を防ぐことは極めて
重要と考えられた。この内容は Journal of Bioscience and Bioengineering, 113, 99－
105, 2012 に掲載されている。 
 
【Chapter 3】 
 本章では、リンドウ科 G. urnula Harry Sm. の花由来の抗酸化成分に関する研究に
ついて記載した。G. urnula Harry Sm. （以下、本植物と云う）は中国西部からヒマラヤ
の高地に分布し、その花はチベット医学で伝統的に生薬「Gang-ga Chung」として用い
られている。高山帯に自生する多くの植物をスクリーニングした結果、本植物の花に優
れた抗酸化活性が認められた。本植物に含まれる成分に関して、Liu らによるイリドイド
配糖体に関する報告（1994）があるが、活性に関する研究はこれまでなされていない。
そこで本植物に含まれる抗酸化成分の構造を明らかにすることを目的として研究を行
なった。 
 本植物の花から得られたメタノールエキスを出発原料とし、DPPH 法による抗酸化活
性を指標に分画した。はじめに溶媒分画法により粗分画した後、このうち活性が最も高
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かったブタノール画分を中圧 LC および分取 HPLC により精製し、単一化合物 3 品を得
た。NMR および HR-MS 測定の結果、3 品ともに既知のイリドイド（Gentiournoside A、
Gentiournoside E、Depressoside）で、いずれもアスコルビン酸に匹敵する高い抗酸化
活性を示した。このうち、Depressoside は G. urnula の近縁種である G. depressa の全
草から Chulia と Kaoudaji（1985）により単離・構造決定された化合物であるが、既報の
構造に誤りがあることを見出し、構造訂正した。本化合物はスーパーオキシドラジカル
を消去する SOD 様活性評価において、他の 2 化合物に比べて著しく高い活性を示した。
構造を比較した結果、Depressoside の高い SOD 様活性にはピロガロール部分が寄与
しているものと考えられた。 
 
【Conclusion】 
 本章では本学位論文のまとめとして、得られた研究成果の意義等について記載した。
サイコサポニンの大量生産に関する研究においては、ミシマサイコ培養根の増殖とサ
イコサポニンの蓄積に重要な側根の形成が糖濃度により強く阻害されることを見出し、
糖濃度を 2 段階に制御した独自の培養法により、従来にない高いサイコサポニン生産
量を達成した。この培養法については、一度の糖添加で簡単に実施可能な点、および
ショ糖を用いた安全性の高い方法である点も特筆される。またバブルカラムリアクター
を改変することにより根の局在化を抑制し、200 L スケールでのサイコ培養根の培養
を可能にした。本技術を活用したエキスは、サイコエキス BS として医薬部外品添加剤
承認を受け、化粧品および医薬部外品（主にスキンケア製品）に広く用いられている。
中国化粧品既存原料リストにも収載されており、今後も幅広い活用が期待される。 
 一方、G. urnula の花由来の抗酸化成分の研究においては、主な抗酸化活性成分と
して既知のイリドイド 3 種を単離し、そのうち最も高い SOD 様活性を示した
Depressoside に関して構造訂正を行う機会を得た。このような基礎研究から得られる
情報は、科学的根拠に基づいた情報がより強く望まれる状況の中、今後より重要にな
ると考えられる。  
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